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(57) ABSTRACT 
A sample cell for use in X-ray imaging, including structure 
de?ning a chamber for a sample and, mounted to said 
structure, a body of a substance excitable by an appropriate 
incident beam to generate X-ray radiation, the cell being 
arranged so that, in use, at least a portion of the X-ray 
radiation traverses said chamber to irradiate the sample 
therein and thereafter exits the structure for detection. 
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HIGH RESOLUTION X-RAY IMAGING OF VERY 
SMALL OBJECTS 

FIELD OF INVENTION 

[0001] This invention relates generally to the high reso 
lution imaging of features of very small objects utilising 
penetrating radiation such as x-rays. The invention is espe 
cially suitable for carrying out x-ray phase contrast micro 
scopic imaging, and may be usefully applied to the ultra high 
spatial resolution imaging of microscopic objects and fea 
tures, including small biological systems such as viruses and 
cells and possibly including large biological molecules. 

BACKGROUND ART 

[0002] AknoWn approach to microscopy utilising x-rays is 
projection x-ray microscopy, in Which a focussed electron 
beam excites and thereby generates a spot x-ray source in a 
foil or other target. The object is placed in the divergent 
beam betWeen the target and a photographic or other detec 
tion plate. There have more recently been a number of 
proposals for using the electron beam of an electron micro 
scope to excite a point source for x-ray microscopy. Inte 
gration of an x-ray tomography device directly into an 
electron microscope Was proposed by Sasov, at J. Micros 
copy 147, 169, 179 (1987). Prototype x-ray tomography 
attachments for scanning electron microscopes using charge 
coupled device (CCD) detectors have been proposed in 
CaZaux et al, J. Microsc. Electron. 14, 263 (1989), CaZaux 
et al, J. Phys. (Paris) IV C7, 2099 (1993) and Cheng et al 
X-ray Microscopy III, ed. A. Michette et al (Springer Berlin, 
1992), page 184. Ferreira de Paiva et al (Rev. Sci. Instrum. 
67(6), 2251 (June 1996)) have developed and studied the 
performance of a microtomography system based on the 
CaZaux and Cheng proposals. Their arrangement Was an 
adaptation of a commercially available electron microprobe 
and Was able to produce images at around 10 pm resolution 
Without requiring major alterations to the electron optical 
column. The authors concluded that a 1 pm resolution in 
tomography Was feasible for their device. All system com 
ponents and methods of interpretation of image intensity 
data in these Works Were based on the mechanism of 
absorption contrast. 

[0003] A revieW article by W. Nixon concerning x-ray 
microscopy may be found in “X-rays: The First Hundred 
Years”, ed. AMichette & S. Pfauntsch, (Wiley, 1996, ISBN 
0.471-96502-2), at ps 43-60. 

[0004] The present applicant’s international patent publi 
cation WO 95/05725 disclosed various con?gurations and 
conditions suitable for differential phase-contrast imaging 
using hard x-rays. Other disclosures are to be found in 
Soviet patent 1402871 and in US. Pat. No. 5,319,694. 
Practical methods for carrying out hard x-ray phase contrast 
imaging are disclosed in the present applicant’s co-pending 
international patent publication WO 96/31098 (PCT/AU96/ 
00178). These methods preferably involve the use of micro 
focus x-ray sources, Which could be polychromatic, and the 
use of appropriate distances betWeen object and source and 
object and image plane. Various mathematical and numeri 
cal methods for extracting the phase change of the x-ray 
Wave?eld at the exit plane from the object are disclosed in 
that application and also in Wilkins et al “Phase Contrast 
Imaging Using Polychromatic Hard X-rays” Nature (Lon 
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don) 384, 335 (1996) and our co-pending international 
patent application PCT/AU97/00882. The examples given in 
these references primarily related to macroscopic objects 
and features, and to self contained conventional laboratory 
type x-ray sources Well separated in space from the sample. 

[0005] It is an object of the present invention, at least in a 
preferred application, to facilitate x-ray phase contrast imag 
ing of microscopic objects and features. 

DISCLOSURE OF THE INVENTION 

[0006] The invention entails a realisation that the objective 
just mentioned can be met by a novel approach in the 
adaptation of electron microscopes to x-ray imaging or by 
the use of intense laser sources or x-ray synchrotron sources 
to produce a microfocus x-ray source. 

[0007] In a ?rst aspect of the invention, there is provided 
a sample cell for use in x-ray imaging, including structure 
de?ning a chamber for a sample, and, mounted to the 
structure, a body of a substance excitable by an appropriate 
incident beam to generate x-ray radiation, the cell being 
arranged so that, in use, at least a portion of the x-ray 
radiation traverses the chamber to irradiate the sample 
therein and thereafter exits the structure for detection. 

[0008] In one embodiment, the cell is an integral self 
contained unit adapted and dimensioned to be inserted in 
complementary holder means, eg. the sample stage, of a 
scanning electron microscope or microprobe at a position 
Where the electron beam of the microscope or microprobe is 
focussed on the body of excitable substance, and thereby 
provides the incident beam for exciting the substance to 
generate x-ray radiation. 

[0009] In another embodiment, the substance is excitable 
by an incident focussed beam of electromagnetic radiation, 
eg. a laser beam or synchrotron radiation beam, to generate 
x-ray radiation. 

[0010] The cell is preferably an array of layers, of dimen 
sions parallel to the plane of the layers in the range a micron 
or so to a feW e. g. 10 millimeters. The cell is advantageously 
adapted for use in phase contrast imaging in that said layers 
through Which the excited x-ray radiation passes are highly 
homogeneous and have very smooth surfaces for preserving 
high spatial coherence of the incident beam in the radiation 
that irradiates the sample, and thereby optimising useful 
contrast in the image. This is especially desirable for the exit 
surface from the layer of said excitable substance, and for 
subsequent layers in the sample cell. 

[0011] The excitable substance is preferably a layer of the 
substance applied to the structure de?ning the cell but may 
also be free standing. This structure preferably includes a 
substrate and/or spacer layer, transparent generally to x-rays 
or to a selected x-ray energy band(s), separating the layer of 
excitable substance from the sample. Although largely trans 
parent to the radiation energy band(s) of interest, the sub 
strate and/or spatial layer may also be chosen such as to be 
strongly absorbing for energies outside this band(s) in order 
to enhance the chromatic coherence of the x-ray beam 
contributing to the image. 

[0012] The said cell may be open, or may be arranged to 
be hermetically sealed, eg. to permit evacuation of the 
electron-microscope chamber after placement of the sample 
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in the chamber. The chamber or cell may be adapted to be 
enclosed and if so the structure includes an x-ray transparent 
WindoW by Which the said x-ray radiation exits the structure 
for detection. 

[0013] The layer of excitable substance is preferably of a 
thickness in the range 10 to 1000 nm, and the separation of 
this layer from the sample may be in the range 1 to 1000 pm. 

[0014] In this ?rst aspect, the invention extends to an x-ray 
microscope or microprobe, eg. a scanning x-ray microscope 
or microprobe, having means to generate a focussed electron 
beam, and a sample cell, as described above in any one or 
more of the variations described, retained in holder means at 
a position Where said electron beam is focussed on said body 
of excitable substance and thereby provides said incident 
beam for exciting said substance to generate x-ray radiation. 
Preferably, for very high resolution imaging, the means to 
generate a focussed electron beam includes a ?eld emission 
tip electron source. 

[0015] In a second aspect, the invention provides a method 
of deriving a magni?ed x-ray image of one or more internal 
boundaries or other features of a sample, comprising: 

[0016] disposing the sample in a sample cell accord 
ing to the ?rst aspect of the invention and ?tting the 
cell into holder means of an electron microscope or 
microprobe at a position Where the electron beam of 
the microscope or microprobe is focussed on said 
body of excitable substance and thereby provides 
said incident beam for exciting said substance to 
generate x-ray radiation; 

[0017] irradiating the excitable substance With an 
electron beam to cause the substance to generate 
x-ray radiation, at least a portion of Which traverses 
the chamber to irradiate the sample, including the 
one or more internal boundaries or other features, 
and thereafter exits the cell structure; and 

[0018] detecting and recording at least a portion of 
said radiation after it has irradiated the sample, to 
provide an image of the one or more internal bound 
aries or other features of the sample. 

[0019] The x-ray imaging may be absorption-contrast or 
phase-contrast imaging or both. The invention is especially 
suited to performance of phase contrast imaging. The 
image(s)) may be energy ?ltered by the detector system or 
other means, or may be simultaneously collected as a set of 
images corresponding to a series of x-ray energy bands. 

[0020] The x-ray radiation generated by the excitable 
substance is preferably in the medium to hard x-ray range, 
ie. in the range 1 keV to 1 MeV, and may be substantially 
monochromatic, or polychromatic. In the former case, the 
method may further include enhancing the degree of mono 
chromaticity. In the practice of the method or use of the 
apparatus, the sample to image plane distance is preferably 
of the order of 10 to 200 mm. 

[0021] In a still further aspect, the invention provides an 
x-ray microscopic imaging con?guration comprising means 
to support a sample, a body of a substance excitable by an 
appropriate incident beam to generate x-ray radiation, said 
body being retained on a substrate disposed in use betWeen 
said body and said sample and thereby serving as a spacer; 
and means to adjust the relative position of said sample and 
said body. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

[0022] The invention Will noW be further described, by 
Way of example only, With reference to the accompanying 
draWings, in Which: 

[0023] FIG. 1 is a cross sectional vieW of a sample cell 
according to an embodiment of a ?rst aspect of the inven 
tion, for carrying out high resolution hard x-ray microscopy 
in accordance With an embodiment of the second aspect of 
the invention; 

[0024] FIG. 2 is a modi?ed sample cell appropriate to 
softer x-rays; 

[0025] FIG. 3 is a similar vieW of a sample cell according 
to a further embodiment of the invention, enabling substan 
tial variation of the magni?cation of the image from, say, 
><100 to ><100,000; 

[0026] FIG. 4 is a diagrammatic representation of an 
embodiment in Which the target layer is patterned or divided; 

[0027] FIG. 5 is a diagram shoWing the sample cell of 
FIG. 1 mounted in the sample stage of a scanning electron 
microscope (SEM); 
[0028] FIG. 6 is an alternative embodiment, depicted in 
situ, of a more loosely assembled cell; 

[0029] FIG. 7 is a modi?ed form of the embodiment 
shoWn in FIG. 6; 

[0030] FIG. 8 is a diagram shoWing the principal geo 
metrical factors affecting image magni?cation correspond 
ing to FIG. 1 and referred to in the text beloW; 

[0031] FIGS. 9 to 12 are illustrative calculated x-ray 
intensity pro?les for a simple cylindrical sample, of different 
siZes and under different conditions. 

PREFERRED EMBODIMENTS 

[0032] The sample cell 10 illustrated in FIG. 1 is an 
integral self-contained unit of generally three dimensional 
rectangular con?guration. The cell includes structure 11 
de?ning an enclosed sample chamber 12, and, mounted by 
being applied to structure 11, a body or target layer 20 of a 
substance excitable by an appropriate incident beam 5 to 
generate x-ray radiation 6. Cell 10 is arranged so that at least 
a portion of the radiation 6 traverses chamber 12 and thereby 
irradiates sample 7 in the chamber, and thereafter exits the 
structure for detection by x-ray detector 35. 

[0033] Structure 10 includes a relatively thicker substrate/ 
spacer layer 22 and a relatively thinner WindoW layer 24. 
These are spaced apart to de?ne chamber 12, Which is closed 
laterally by a peripheral side Wall 26. Target layer 20 is 
applied by vapour deposition techniques, such as magnetron 
sputtering, thermal or electron beam evaporation, or chemi 
cal vapour deposition (CVD), to the major face 23 of 
substrate 22 Which is the outer face relative to chamber 12. 

[0034] In an alternative arrangement, the chamber 12 may 
be open, but, especially for use With biological sample 
materials studied in vivo or in vitro, is preferably sealed With 
a gasket or other suitable arrangement such as bonded mylar 
or epoxy resin. 

[0035] In the present embodiment, the target layer 20 of 
excitable substance is an excitation layer Which is typically 
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formed of a substance of suf?ciently high atomic number (Z) 
to provide, in response to excitation by an electron beam, 
medium to hard x-rays (>~1 keV) capable of readily pen 
etrating the excitation layer and the remainder of the cell. 
Examples of suitable materials include gold, platinum, cop 
per, aluminium, nickel, molybdenum and tungsten. The 
thickness of the target layer 20 might typically be in the 
range 10 nm to 1000 nm. The layer thickness is selected 
according to the desired effective source siZe Which is 
affected, inter alia, by the desired ?eld of vieW and the 
geometry of the exciting beam, since a take-off angle of the 
x-rays produced by the x-ray source excited in the excitation 
layer is involved. 

[0036] In the case of electron excitation of target layer 20, 
the layer may need to be electrically connected to earth to 
prevent charging up if the excitation layer is a conductor. 
Some enhancement of cooling of the target layer via thermal 
conduction through the substrate may also be advantageous. 

[0037] The incident particle or radiation beam, an electron 
beam in the preferred arrangement, is preferably of suf?cient 
energy to excite the desired characteristic energy x-rays or 
range of Bremstrahlung required for imaging. In the case of 
excitation by an electron beam, the electron energy is 
desirably such as to have suf?cient over-voltage relative to 
the characteristic x-ray energy of the principal lines pro 
posed for use in the imaging, to yield suf?cient x-ray 
intensity. This might be in the range 1 kV to 150 kV for the 
accelerating voltage of the electrons. 

[0038] The substrate or spacer layer 22 may act in several 
Ways including: 

[0039] as a physical support for the relatively thin 
target layer 20; 

[0040] (ii) as a spacer layer to provide a controlled 
separation of the sample from the source; and 

[0041] (iii) as an energy bandpass ?lter for the trans 
mitted radiation. 

[0042] (iv) as an aid to cooling of the target layer. 

[0043] Thickness here might be in the range 1 pm to 500 
pm. This thickness is the prime determinant in controlling 
the desired magni?cation. A further function of this layer is 
to reduce the thickness over Which relatively hard x-rays are 
produced and so this layer Will typically consist of a loWer 
atomic number and/or density material than the target layer 
20. Suitable materials Would include: polished Si (Wafers 
Which are commercially available), ?oat or polished glass, 
and thin layers of Be, B, mica, sapphire, diamond and other 
semiconductor materials used as substrates. These can be 
produced With very smooth surfaces at close to the atomic 
level. When acting as a substrate, this layer should prefer 
ably be such as to provide a physical support for thin ?lms 
of the excitation material (layer 20), and Will preferably: 

[0044] be highly homogeneous, i.e. uniform in 
density and thickness at the atomic level; and 

[0045] (ii) have very smooth surfaces, 

[0046] in order not to signi?cantly degrade the spatial 
coherence of the x-ray Wave?eld induced in the excitation 
layer, i.e. preserve high spatial coherence of the incident 
beam in the radiation that irradiates the sample. In this Way, 
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contrast is optimised in the image, on the basis of the 
concept described in international parent publication WO96/ 
31098. 

[0047] A further function of layer 22 is to truncate the 
splash or spreading of the electon beam in the excitation 
layer and thereby the effective siZe of the x-ray source. In 
certain cases layer 22 may not be required if the target 
material is suf?ciently stable mechanically and if broadening 
of the effective x-ray source siZe is not exacerbated by the 
target thickness. 

[0048] A possible modi?cation of the basic design of the 
cell is to holloW out the substrate/spacer layer to reduce the 
effect of absorption (especially in the case of the excitation 
of loWer energy x-rays such as Al Kot). A modi?ed cell 10‘ 
of this general type is illustrated in FIG. 2, in Which like 
primed numerals indicate like components. The cavity 
formed in layer 22‘ is indicated at 30. A residual thin 
partition 22a is left betWeen cavity 30 and sample chamber 
12‘. This residual thin partition may be coated on the sample 
side With a further thin layer of material 25 in a similar 
manner to target layer 20‘ but With a vieW to acting as a loW 
x-ray energy absorption ?lter. 

[0049] Exit or WindoW layer 24,24‘ may act to contain the 
sample and also to ?lter any undesired x-ray radiation 
coming from excitation of the substrate/spacer layer 22,22‘ 
Which Would have a larger effective source siZe than that of 
the excitation layer and so lead to loss of resolution. Suitable 
materials might include Kapton, Al, mylar, Si and Ge. Layer 
24 should preferably be smooth and of uniform density so as 
not to lead to additional structure in the image due to 
phase-contrast effects. The thickness is that appropriate to 
achieve suf?cient energy ?ltration or physical support for the 
enclosed sample. This exit WindoW might also be coated 
With a suitable selective x-ray absorber. 

[0050] A further modi?cation of the cell is shoWn at 10“ 
in FIG. 3 and enables substantial variation of the magni? 
cation in the image over a range, say, from ><100 to ><100, 
000. In FIG. 3, like components are indicated by like 
double-primed reference numerals. The variation of the 
magni?cation is achieved by providing excitable target layer 
20“ and substrate 22“, as a unit 40 translatable toWards and 
aWay from partition 22a Within a peripheral Wall 42. Alter 
natively, the peripheral structure 42 may be translated 
toWards and aWay from the target layer 20“. 

[0051] In another modi?cation, target layer 20 may be 
divided or patterned on a continuous substrate 22. FIG. 4 
diagrammatically illustrates an exemplary arrangement in 
Which gold spots 20a comprising target layer 20 are spaced 
on a substrate 22 of silicon. The advantage of this arrange 
ment is that an x-ray beam 6 of accurately predictable 
“source” siZe can be generated by a Wider, less sharply 
forcussed electron beam 5. 

[0052] The illustrated cells Would typically be manufac 
tured by either micromachining or conventional techniques 
to dimensions selected so that the cell may be inserted as an 
integral self-contained unit, With pre-inserted sample 7 in 
chamber 12, into the sample stage of one or more types of 
commercially available electron microscopes or micro 
probes. FIG. 5 diagrammatically illustrates just such an 
assembly in a scanning electron microscope (SEM), for the 
embodiment of FIG. 1. Sample cell 10, once charged With 
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a sample, is placed Within a holder 50 in turn suspended 
from the upper Wall 61 of a sample stage 60. Holder 50 
includes a pair of ?xed side Walls 52, 53 With inturned loWer 
?anges 52a, 53a, depending from Wall 61, and adjustable 
rails 54, 55 that rest on ?anges 52a, 53a. Respective 
pieZo-actuators 56 provide for ?ne accurate adjustment of 
rails 54, 55 horiZontally With respect to side Walls 52, 53, 
and of cell 10 vertically With respect to rails 54, 55. 

[0053] Cell 10 is centred under an irradiation aperture 62 
in upper stage Wall 61 through Which an electron beam is 
directed at target layer 20 from shielded pipe 70 retained in 
scanning coils 72. The beam originates from a suitable 
electron beam source (not shoWn) and is surrounded by a 
focussing magnet 75 for focussing the electron beam onto 
target layer 20. For very high spatial resolution x-ray imag 
ing, the electron beam source may advantageously be a ?eld 
emission tip, in order to minimise spot siZe and thereby 
enhance lateral spatial coherence as earlier discussed. 

[0054] Sample stage 60 serves as a shield against stray 
radiation and, as is conventional, is held on a mount 64 that 
alloWs signi?cant vertical adjustment. The Whole assembly 
is retained Within an evacuable chamber 77 formed by an 
outer housing 76. A secondary electron detector 78 is 
provided at the side to help facilitate alignment and focus 
sing. 

[0055] Sample stage 60 further includes an annular parti 
tion 66 With a central aperture 67 controlled by a shutter 68 
With driver 69. The base 63 of sample stage 60 supports an 
x-ray recording medium as detector 35, Which in this case is 
in vacuum. It should be noted hoWever that, in many cases, 
the detector system may be outside, the vacuum chamber, in 
Which case a suitable x-ray WindoW means Would be incor 
porated in the outer housing 76. Moreover, in further adap 
tations of the invention, the sample cell may itself constitute 
the vacuum WindoW for the outer housing 76. 

[0056] With the illustrated adaptation, the microscope 
may be used for x-ray absorption or phase-contrast imaging, 
and x-ray radiation 6 detected, after it passes out of WindoW 
layer 24, at x-ray recording medium 35. x-ray imaging 
systems utilising CCD detectors or photostimulable phos 
phor image plates, are suitable for use as recording medium 
35. Scanners are available for processing image plates. A 
further advantageous embodiment of the invention involves 
using 2-dimensional energy resolving detectors such as 
those based on CdMnTe or superconducting Josephson 
junctions, in order to simultaneously derive one or more 
effective x-ray images each corresponding to a narroW x-ray 
energy bandpass. This is data Well-suited for use in phase 
retrieval methods described in our co-pending international 
patent application PCT/AU97/00882, especially for the high 
spatial resolution required in the present micro-imaging 
context. 

[0057] The con?guration depicted in FIG. 4 is suitable for 
ultra high spatial resolution imaging of microscopic objects 
and features, including small biological systems such as 
viruses and cells, and possibly large biological molecules. 
The con?guration makes possible a very small effective 
source siZe so that high spatial resolution or useful magni 
?cation can be obtained by making the source-to-object 
distance very small (doWn to the order of a feW tens of 
microns or less) While the object-to-image plane distance 
can be macroscopic, say around 10 to 100 mm. The incident 
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electron beam 5 is preferably focussed to a Width in the 
range 10 to 1000 nm at the target. As earlier foreshadoWed, 
for optimum performance in phase contrast imaging, and as 
taught by our co-pending international patent publication 
WO96/31098, all components except the sample should be 
such as to preserve as much as possible the high lateral 
spatial coherence of the x-ray beam and in practice this 
means that they have extremely smooth surfaces doWn 
virtually to the atomic level and also should best be of highly 
uniform density, ie. highly homogenous and free from micro 
defects and impurities. 

[0058] The x-ray radiation may be substantially either 
polychromatic or monochromatic, according to application 
and method of derivation of the image. In the latter case, it 
may be advantageous to enhance the degree of monochro 
maticity, eg by judicious choice of materials and/or of the 
excitation voltage of the electrons striking the target layer. In 
the former case, it may be advantageous to invoke the use of 
energy sensitive detectors. 

[0059] FIG. 6 depicts an alternative embodiment in Which 
a sample cell 10 is assembled Within the irradiation aperture 
162 of a sample stage upper Wall 161. Aperture 162 includes 
a generally cylindrical cavity 200 With a divergent or conical 
upper opening 202 and a reduced diameter loWer opening 
204. Cavity 200 is divided into a loWer portion and an upper 
portion by a ?xed peripheral ring 126 akin to side Wall 26 of 
the embodiment of FIG. 1. A WindoW platform 124 for 
sample 127 is adjustably retained on lipped ring rail 154: 
pieZo-actuators 156, 157 alloW lateral and axial adjustment 
of sample position as before. 

[0060] An integral plate comprising target layer 120 and 
substrate/spacer layer 122 is placed on ring 126 and, if 
necessary, a stabilising ring 95 placed on top to complete the 
assembled cell. It Will be seen that sample chamber 112 is 
de?ned in part by each of substrate/spacer layer 122, ring 
126 and WindoW platform 124, and that the target layer 
sample separation is adjustable in axial extent by pieZo 
actuators 156, 157. 

[0061] Generally, of course, the target layer or sample 
stage may be adjustable to vary magni?cation in the micro 
scope. 

[0062] FIG. 7 is a modi?ed form of embodiment of FIG. 
6, in Which like parts are indicated by like primed reference 
numerals. Here, the components are retained as a self 
contained unit 150 de?ned by side Wall 152, that seats 
snugly in cavity 200‘ on the rim 203 of opening 204‘ 
Dividing spacer ring 126‘ is ?xed to this side Wall, Which has 
an inturned loWer ?ange 152a, for slidably supporting lipped 
ring 154‘. 

[0063] In each of the embodiments described above, there 
is a single sample chamber 12. For particular applications, a 
self-contained cell structure may de?ne multiple sub-cells 
having discrete sample chambers. 

[0064] Some discussion Will noW be provided in relation 
to signi?cant parameters in an x-ray imaging arrangement 
utilising a cell of the illustrated form in a scanning electron 
microscope. For the purpose of this discussion, the folloW 
ing values of the parameters indicated in FIG. 1 may be 
referred to: these are typical or representative values 
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t1 thickness of target layer 20 10 nm (and 100 nm) 
t2 thickness of support/spacer 10 microns 

layer 22 
t3 thickness of sample chamber 12 a feW microns (generally t3 2 t2) 

a feW tens of microns but this is 
not a critical parameter 

0L convergence angle of incident 20 
electron beam 5 

[5 angular Width of x-ray beam 6 1O0 
10‘ WindoW to detector distance 100 mm 

t4 thickness of WindoW layer 24 

Blurring of the Image Due to Finite Source Size 

[0065] Blurring at the image plane due to ?nite size of the 
source Will occur on a spatial scale of order: 

[0066] 
[0067] For the numbers chosen above for these parameters 
this Would give a value of the order of 1 nm, and is therefore 
negligible in the case of the present parameter values. 

alloWing only for purely geometrical effects. 

Magni?cation 
[0068] The main geometrical parameters affecting magni 
?cation, M, are indicated in the diagram of FIG. 8. With this 
approximation, the magni?cation of the image is given by: 

[0071] Therefore, a 2.5 nm feature in the object Will 
appear as a 0.025 mm (25 pm) feature in the image. Such a 
feature is comparable With the typical spatial resolutions 
available With high-resolution digital x-ray imaging systems 
based on charge-coupled devices and photostimulable phos 
phor imaging plates. 

Field of View 

[0072] It is desirable that [3 and t2 be large in order to 
produce a large ?eld of vieW of the sample (object), ie: 

[0073] and for the particular parameter values chosen 
above 

[0074] ~2><10><tan (5°)z2 pm 

[0075] at the object plane. 

[0076] With an electronic imaging system one could 
record many images from the same sample by scanning (or 
rastering) the probe beam. A 2 micron ?eld of vieW on the 
sample Would correspond to 

(2X102)><(2><104)(#m2)=20><20 (mmz) 
[0077] on the imaging plane. 

[0078] This is also Well suited to the ?eld of vieW of high 
resolution electronic imaging systems such as CCD’s etc. 

Contrast and Resolution 

[0079] A detailed analysis of the dependence of contrast 
and resolution on the key physical parameters involved in 
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x-ray imaging With a microfocus source involves the fol 
loWing key quantities: 

s source size 

R1 source to object plane distance 
R2 object plane to image plane distance 
7» x-ray Wavelength 
u = 1/d Where u is the spatial frequency in an object corresponding to a 

spatial period d 
D spatial resolution at the imaging plane 
0L angular divergence in the quasi-plane Wave case. 

[0080] The present inventors, together With others, have 
undertaken a classical optics treatment of contrast and 
resolution for partially coherent illumination of a thin object, 
published (after the priority date of this application) in Rev. 
Sci. Instrums. 68 (7) July 1997. The results may be presented 
in terms of optical transfer functions for both absorption— 
and phase-contrast contributions to the image. Asummary of 
the critical conditions governing contrast and resolution in 
x-ray microscopy are presented in Table 1 appended hereto. 
More speci?cally, it may be shoWn that optimum phase 
contrast in the spherical-Wave (present) case is given by: 

[0082] R1=10 pm 
[0083] >\,=0.1 nm 

[0084] one obtains 

and taking 

[0085] The coherence limit on resolution, dIOW, due to 
?nite source size (say, s=10 nm) is u=1/s=108 m“1 or d1OW=10 
nm. 

[0086] The visibility upper u limit, 1/s, occurs With opti 
mum phase contrast When R1=S2/2)\,=(10X10_9)2/(2X10_1O)= 
0.5 pm in the above case. 

[0087] These results give some feeling for the dimensions 
of key parameters required to give optimum contrast for a 
given x-ray Wavelength. 

[0088] Analysis of image intensity data and extraction of 
effective pure phase and absorption-contrast images, or 
mixtures, may advantageously be based on MaxWell’s equa 
tions or an appropriate variant, e.g. utilising the Fourier 
optics or appropriate Transport of Intensity Equations (TIE), 
as set out eg in our earlier patent applications in this area, 
especially co-pending international patent application PCT/ 
AU97/00882. 

[0089] In order to help illustrate the nature of expected 
contrast and resolution in the case of x-ray microscopy of 
very small objects using the present invention, some illus 
trative calculated intensity pro?les (sections of images) are 
presented in FIGS. 9 to 12. These calculations are for a 
simple cylindrical sample (object)—a polystyrene ?bre—of 
different sizes and under different imaging conditions, for 1 
keV x-rays and variable R1 (source-object distance) but 
constant R1+R2 (R2 being object-image distance). The main 
observable features are the levels of contrast and resolution 
achievable With 1 keV x-rays. To a ?rst approximation the 
maximum contrast condition may be gained from the results 
given in Table I. 
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[0090] The calculations from Which FIGS. 9 to 12 Were 
derived Were carried out using Wave optics based on the 
Kirchhoff formula for propagation of electromagnetic radia 
tion. These involve fairly intensive numerical integration. 
Both absorption and phase effects are considered. As can be 
seen, the curves are of intensity in the image plane, but 
referred back to distance on the object. The four ?gures are 
for different diameter ?bres and all are for 1 keV X-rays and 
R1+R2 ?xed at 10 cm. Each ?gure shoWs curves for different 
values of R1 (and therefore R2). The vertical dashed lines 
mark the edges of the associated ?bre. Even for the smallest 
?bre (0.05 pm) there is around 4% contrast for suitable R1, 
Which is useful. An intensity value of unity corresponds to 
What Would be obtained in the absence of an object. 

Object Reconstruction in the X-ray Microscope 

[0091] The projected structure of a sample (object) can be 
reconstructed from one or more digitised images in several 
Ways, depending on the nature of the object, and the accu 
racy and degree of sophistication desired. Reconstruction in 
this conteXt means determining the distribution of both real 
(refractive) and imaginary (absorptive) parts of the projected 
refractive indeX of the object along the optic ads. 

[0092] In many cases, especially for thin objects typically 
eXamined in a microscope, the most useful starting point is 
perhaps the lineariZed diffraction equation (in 1 dimension): 

[0093] Where )L is the X-ray Wavelength, Z the obj ect-image 
distance, and I, 4) and y are the Fourier representations of the 
image intensity and object phase and absorption transmis 
sion functions respectively. The variable u represents spatial 
frequency. An incident monochromatic plane Wave propa 
gating in the Z direction is assumed. The present discussion 
is in terms of the plane Wave case, although the spherical 
Wave case is really more appropriate for microscopy and can 
be deduced from the plane Wave case by suitable algebraic 
transformations. 

[0094] In general (|)(u) and p(u) cannot both be determined 
from a single measurement of I(u); at least tWo independent 
measurements, using different values of Z or 80 are needed. 
HoWever, for the case of a pure phase object, for Which the 
last term in equation (1) vanishes, a single measurement of 
I(u), i.e. measuring a single image, is in principle suf?cient 
to determine (|)(u), the spatial distribution of phase shift due 
to the object. Even here, hoWever, there are advantages in 
performing several measurements, to reduce the effects of 
noise and of the Zeroes of the “transfer function” sin (70» Z 
u2), Which cause loss of information for speci?c values of 
the spatial frequency u. This is one reason Why the variabil 
ity of “focal length” Z and/or wavelength A is considered to 
be a useful feature of the present instrument. 

[0095] For sufficiently small values of km2 a further 
simpli?cation may be made to equation (1), viZ the sin and 
cos terms may be eXpanded to ?rst order, giving: 

1(")-1Q(")=-2 M 1142M") (2) 
[0096] Which is similar to a form of the Transport of 
Intensity Equation (M. R. Teague J. Opt. Soc. Am., A73, 
1434-41, (1983); T. E. Gureyev, A. Roberts, & K. A. Nugent, 
J. Opt. Soc. Am., A12 1932-41, 1942-46 (1995); Gureyev & 
Wilkins, J. Opt. Soc. Am. A15, 579-585 (1998). It describes 
the differential phase-contrast regime (Pogany, Gao, & 
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Wilkins, Rev. Sci. Instrum. 68,2774-82 (1997) Which has 
already been demonstrated (see Wilkins et al, Nature 
(1996)). 
[0097] If the linear theory is inadequate, one may revert to 
the basic Fresnel-Kirchoff diffraction formula (in Fourier 
space): 

F (")=eXP(-ikZ) Q04) eXP (I'M 342) (3) 

[0098] and attempt to ?nd the object transmission function 
Q Which best reproduces the observed intensity(ies) I(X)= 

This may be carried out iteratively, in a similar 
manner to that used in numerical forms of reconstruction 
(retrieval) of optical holograms and electron microscope 
images, and several schemes have been described (J. R. 
Fienup, “Phase Retrieval Algorithms: A Comparison”, Appl. 
Opt 21 2758 (1982); R. W. Gerchberg and W. O. SaXton, 
Optik (Stuttgart) 35 237, (1972)). Convergence, hoWever, is 
often very sloW, and there is much scope for improved 
algorithms. 
[0099] The above all refer to one- or tWo-dimensional 
projections of object structure. For three-dimensional object 
reconstruction at least tWo projections are generally required 
(stereoscopy) or many (for tomography). The former might 
be achieved in the present instrument by use of beam 
de?ection; the latter Would require a means of accurately 
rotating the specimen, Which could be done by conventional 
mechanical means but Would require further modi?cations 
beyond the standard microscope con?guration described in 
this application. 

[0100] Advantages of the illustrated sample cells and 
related method for high resolution hard X-ray imaging 
(especially phase-contrast imaging) include the folloWing: 

[0101] Very high spatial resolution (ie. useful mag 
ni?cation). 

[0102] Can be used in conjunction With high resolu 
tion scanning electron microscopes as a special 
sample cell. 

[0103] Can be used to study biological samples in 
vivo or in vitro in an electron microscope Without 
requiring the biological sample itself to be in vacuo, 
although the sample cell is in vacuo (but appropri 
ately sealed With a gasket or epoXy, say) 

[0104] Reduced radiation damage to the sample as 
result of the ability to obtain image contrast at higher 
X-ray energies than conventional soft X-ray micros 
copy of biological material. 

[0105] Can vary the characteristic X-ray energy by 
using different excitation target materials and/or 
electron accelerating voltage. 

[0106] High mechanical stability due to integrated 
structure 

[0107] EXit WindoW of cell can be used to act as a 
rejection ?lter of loW energy X-rays and so remove 
(clean up) unWanted background radiation (espe 
cially from the substrate/spacer layer) Which might 
degrade overall resolution due to having a large 
effective source siZe. 

[0108] The volume of the cell may be made quite 
small. This might even be made adjustable in situ by 



US 2001/0001010 A1 

use of an appropriate gasket and applied pressure, 
With possibility of adjustment to improve the vis 
ibility of certain features of interest in the sample. 

[0109] Cells are in principle reusable. 

[0110] Cells could be maintained at, say, room tem 
perature by appropriate heating stage in microscope. 

[0111] Can study large area of sample by shifting 
e-beam or translating sample cell, and recording 
different exposures. 

[0112] Focusing of the electron beam on the excita 
tion target can be conveniently monitored by use of 
the secondary electron detector, or by the use of 
electronic imaging detectors. 

[0113] Can be used to implement limited ?eld com 
puterised tomography (CT) either by scanning the 
exciting beam on the target or by rotating the Whole 
cell. 

TABLE 1 

Summary of the characteristics of in-line imaging Without lenses 
[After Pogany et al, Rev. Sci. Instrums. July, 1997] 

A. General 

Advantages: Simplicity of apparatus, i.e. no lenses or mirrors, no 
aberrations. 
Modest requirements for monochromaticity. 
Similar to present radiography systems. 
Reduced incoherent scattering contribution. 
Both amplitude and phase information can be derived 
from intensity data. 

Disadvantages: Source of high lateral coherence required. 
May require appropriate image-reconstruction procedure. 
Useful physical magni?cation limited by source size and 
closeness of approach of sample to source. 
No physical access to focal plane, Which Would alloW 
employment of various contrast mechanisms. 
Increased sensitivity to the quality of in-beam 
components such as Windows and ?lters. 

Plane-Wave Spherical-Wave 
Quantity of Interest R1 > R2 R2 > R1 

B. Phase Contrast 

Optimum contrast: u = (ZARZYI/Z (ZARQI/Z 
Coherence resolution limit: 1/OLR2 1/s 
u = 

Visibility, upper u limit: None 1/s With optimum 
contrast at R1 = 

s2/2k 
Visibility, loWer u limit: (1/27» None 
(This limit is considerably (= coherence widthil), (coherence Width = 
reduced When allowance is With optimum contrast kRl/s) 
made for differential phase at R2 = ZA/OLZ 

contrast.) 
Limitations to high collimation, detector Source size, source 
resolution: resolution, object- object proximity, 

detector proximity, 
energy spread 

energy spread 

C. Absorption contrast 

Visibility, upper u limit: None; provided 1/s 
R2 < l/llOL arbitrary R1 

Visibility, loWer u limit: None None 
Limitations to high 
resolution: 

Detector resolution, 
obj ect-detector 
proximity, energy 
spread 

Source size, energy 
spread 
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What is claimed is: 
1. A sample cell for use in x-ray imaging, including 

structure de?ning a chamber for a sample, and, mounted to 
said structure, a body of a substance excitable by an appro 
priate incident beam to generate x-ray radiation, the cell 
being arranged so that, in use, at least a portion of the x-ray 
radiation traverses said chamber to irradiate the sample 
therein and thereafter exits the structure for detection. 

2. A sample cell according to claim 1 Wherein said cell is 
an integral self-contained unit adapted and dimensioned to 
be inserted in complementary holder means of an electron 
microscope or microprobe at a position Where the electron 
beam of the microscope is focussed on said body of excit 
able substance, and thereby provides said incident beam for 
exciting said substance to generate x-ray radiation. 

3. A sample cell according to claim 1 Wherein said 
substance is excitable by an incident focussed beam of 
electromagnetic radiation to generate x-ray radiation. 

4. A sample cell according to claim 1, 2 or 3, Wherein said 
cell is an array of layers, of dimensions parallel to the plane 
of the layers in the range of about 1 micron to 10 millime 
ters. 

5. A sample cell according to claim 4 adapted for use in 
phase contrast imaging, Wherein said layers through Which 
the excited x-ray radiation passes are highly homogeneous 
and have very smooth surfaces for preserving high spatial 
coherence of the incident beam in the radiation that irradi 
ates the sample, and thereby optimising useful contrast in the 
image. 

6. Asample cell according to any preceding claim Wherein 
said body of excitable substance is a layer of the substance 
applied to the structure de?ning the cell. 

7. A sample cell according to claim 6 Wherein said layer 
of excitable substance is of a thickness in the range 10 to 
1000 nm, and arranged so that, in use, the separation of this 
layer from the sample is in the range 1 to 1000 pm. 

8. A sample cell according to claim 6 or 7 Wherein said 
structure includes a substrate and/or spacer layer, transparent 
generally to x-rays or to a selected x-ray energy band(s), 
separating the layer of excitable substance from the sample. 

9. A sample cell according to claim 8 Wherein said 
substrate and/or spacer layer is strongly absorbing for ener 
gies outside said selected x-ray energy band(s) in order to 
enhance the chromatic coherence of the x-ray beam con 
tributing to the image. 

10. A sample cell according to any preceding claim 
Wherein said body is a divided or pattern array of body 
portions retained on a common substrate. 

11. A sample cell according to any preceding claim, 
Wherein said chamber is open. 

12. A sample cell according to claim 11 Wherein said 
chamber is arranged to be hermetically sealed after place 
ment of the sample in the chamber. 

13. A sample cell according to any one of claims 1 to 10 
Wherein said chamber is adapted to be enclosed, and said 
structure includes an x-ray transparent WindoW by Which the 
said x-ray radiation exits the structure for detection. 

14. A sample cell according to any preceding claim in 
combination With an energy sensitive or energy resolving 
detector. 

15. An x-ray microscope or microprobe having means to 
generate a focussed electron beam, and a sample cell accord 
ing to any preceding claim adapted to be retained in holder 
means at a position Where said electron beam is focussed on 
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said body of excitable substance, and thereby provides said 
incident beam for exciting said substance to generate x-ray 
radiation. 

16. An x-ray microscope or microprobe according to 
claim 15 Wherein the electron beam is focussed to a Width 
in the range 10 to 1000 nm in said body of excitable 
substance. 

17. An x-ray microscope or microprobe according to 
claim 15 or 16, Wherein said means to generate a focussed 
electron beam includes a ?eld emission tip electron source. 

18. An x-ray microscope or microprobe according to 
claim 15, 16 or 17, further including an energy sensitive or 
energy resolving detector. 

19. A kit of components adapted to form a sample cell 
according to any one of claims 1 to 14, Wherein in situ in 
holder means of an electron microscope or microprobe at a 
position Where said electron beam is focussed on said body 
of excitable substance, and thereby provides said incident 
beam for exciting said substance to generate x-ray radiation. 

20. A method of deriving a magni?ed x-ray image of one 
or more internal boundaries or other features of a sample, 
comprising: 

disposing the sample in a sample cell according to any one 
of claims 1 to 14, and ?tting the cell into holder means 
of an electron microscope or microprobe at a position 
Where the electron beam of the microscope or micro 
probe is focussed on said body of excitable substance 
and thereby provides said incident beam for exciting 
said substance to generate x-ray radiation; 

irradiating said excitable substance With an electron beam 
to cause the substance to generate x-ray radiation, at 
least a portion of Which traverses the chamber to 
irradiate the sample, including the one or more internal 
boundaries or other features, and thereafter exits the 
cell structure; and 

detecting and recording at least a portion of said radiation 
after it has irradiated the sample, to provide an image 
of the one or more internal boundaries or other features 

of the sample. 
21. A method according to claim 20 Wherein said x-ray 

imaging is phase-contrast imaging or a mixture of absorp 
tion-contrast and phase-contrast. 

22. Amethod according to claim 21 Wherein said incident 
x-ray beam and said radiation that irradiates said sample are 
highly spatially coherent, for optimising useful contrast in 
the image. 

23. A method according to any one of claims 20 to 22 
Wherein said electron beam is focussed to a Width in the 
range 10 to 1000 nm in said body of excitable substance. 
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24. A method according to any one of claims 20 to 23 
Wherein the sample cell utilised is an array of layers, of 
dimensions parallel to the plane of the layers in the range of 
about 1 micron to about 10 millimeters, and Wherein said 
layers through Which the excited x-ray radiation passes are 
highly homogeneous and have very smooth surfaces for 
preserving high spatial coherence of the incident beam in the 
radiation that irradiates the sample, thereby optimising use 
ful contrast in the image. 

25. A method according to any one of claims 20 to 24, 
Wherein the x-ray radiation generated by the excitable 
substance is in the medium to hard x-ray range, ie. in the 
range 1 keV to 1 MeV, and is substantially polychromatic. 

26. A method according to any one of claims 20 to 25, 
Where the x-ray radiation generated by the excitable sub 
stance is substantially monochromatic, and the method 
further includes enhancing the degree of monochromaticity 
of this x-ray radiation. 

27. An x-ray microscopic imaging con?guration compris 
ing: means to support a sample, a body of a substance 
excitable by an appropriate incident beam to generate x-ray 
radiation, said body being retained on a substrate disposed 
in use betWeen said body and said sample and thereby 
serving as a spacer; and means to adjust the relative position 
of said sample and said body. 

28. An x-ray microscopic imaging con?guration accord 
ing to claim 27 Wherein said substrate is also a ?lter of said 
x-ray radiation. 

29. An x-ray microscopic imaging con?guration accord 
ing to claim 27 or 28 Wherein said substance is excitable by 
an incident electron beam, eg in an electron microscope or 
microprobe. 

30. An x-ray microscopic imaging con?guration accord 
ing to claim 27 or 28, 1 Wherein said substance is excitable 
by an incident focussed beam of electromagnetic radiation to 
generate x-ray radiation. 

31. An x-ray microscopic imaging con?guration accord 
ing to any one of claims 27 to 30 adapted for use in phase 
contrast imaging, Wherein said body and said substrate are 
layers that are highly homogeneous and have very smooth 
surfaces after and including the exit boundary of said body 
for preserving high spatial coherence of the incident beam in 
the radiation that irradiates the sample, and thereby opti 
mising useful contrast in the image. 

32. An x-ray imaging con?guration according to any one 
of claims 27 to 31 Wherein said body is a divided or pattern 
array of body portions retained on a common substrate. 


